Objectives-We describe a simulation-enhanced ultrasonography (US) curriculum for first-year medical students as part of a comprehensive curricular integration of US skills. Our goal was to assess student knowledge and performance of US and determine their satisfaction with the integrated curriculum.
T he inclusion of ultrasonography (US) training in medical schools is rapidly increasing. Current literature provides little guidance regarding the most effective education and assessment methods for teaching US to medical students. This report presents the design, development, implementation, and evaluation of a simulation-enhanced US curriculum for first-year medical students.
The increasing use and acceptance of US in clinical practice signals the need for medical schools to fully integrate US education into their undergraduate curricula. Ultrasonography is already an established technology in health care [1] [2] [3] and will likely become an even more powerful imaging modality across nearly every domain of health care in the coming years.
Ultrasonography enhances a clinical provider's ability to evaluate, diagnose, and treat patients in a timely fashion. Recently there has been an explosion in "point-of-care" US technology, which has made mobile and portable units widely available to health care practitioners.
During medical school, US has the potential to revolutionize teaching of the basic sciences. It can be used to visualize anatomy, demonstrate physiologic concepts, and enhance understanding of the physical examination. The immediate feedback and ability to visualize a wide array of human disease may allow students to better integrate and understand all aspects of the human condition.
In many cases, US training has been led by graduate medical education programs 4 and frequently occurs during residency or fellowship or is learned by the practicing physician through continuing medical educational activities. [5] [6] [7] [8] [9] The American Institute of Ultrasound in Medicine medical education portal maintains a database of schools and briefly describes the presence and level of US integration. According to this database, 18 schools report full curricular integration across all 4 years of the medical education program, and fewer than half have reported any integration of US. 10 A small but growing body of knowledge describing curricular information regarding the integration of US training for medical education is currently available. [11] [12] [13] [14] It appears that several barriers, such as cost, logistics, lack of curricular space, and lack of a national consensus and diffusion strategy, 4, 15 are a few of the factors that have reduced the penetration of formalized US curricula in medical schools within the United States. 2, 13, [16] [17] [18] Ultrasonography training guidelines have not been well defined or evaluated within the domain of undergraduate medical education. Because of this factor, discrepancies currently exist between resident physicians' confidence and competence, raising concerns regarding the current adequacy of US education in medical schools. 19 To maximize the use of US across the breadth of medicine, it is clear that US education must begin in medical school. An integrated, simulation-enhanced, longitudinal curriculum using US is recommended to address this emerging need. The article seeks to build on the current literature describing US curricular integration and to describe new opportunities and methods for US teaching and assessment within the medical education program and key lessons learned from our team.
Materials and Methods
The project described herein was reviewed by the Eastern Virginia Medical School (EVMS) Institutional Review Board and deemed exempt. An Ultrasonography Curriculum Development Advisory Committee (USC-DAC) was formed at EVMS, comprising 20 clinical and basic science faculty, a US educator from the local community college-based US program, medical modeling and simulation staff, and instructional designers ( Figure  1 ). The committee met weekly to develop a fully integrated first-year medical student US curriculum and to guide its implementation. "Body system"-based learning outcomes, objectives, and performance indicators for the curricula were developed.
The USCDAC employed a modified analysis, design, development, implementation, and evaluation Figure 1 . Composition of the EVMS USCDAC. EM indicates emergency medicine; OB/GYN, obstetrics and gynecology; SME, subject matter experts. model 20 to guide this endeavor. Educational modules were created and integrated into existing anatomy and physiology courses. The modules included physics and device instrumentation, thorax (cardiac and lung), neck (thyroid and vasculature), abdomen (liver, gallbladder, and spleen), and pelvis (kidney, bladder, and uterus), as shown in Table 1 . Physiology lectures and laboratory sessions included cardiac and vascular physiology as well as a session on a US-based approach to patient assessment and resuscitation.
Educational modules during the first medical school year began with a 1-hour didactic session given by a subject matter expert. Curriculum objectives were defined for each module by the USCDAC. Subject matter experts were recruited from departments within our institution and included faculty from emergency medicine, radiology, internal medicine, and obstetrics and gynecology and local US educators.
After the didactic session, students were divided into 4 laboratory groups consisting of approximately 38 students each. Each group was subdivided into 6 smaller groups (6-7 students per group). Each small group attended a 45-minute US scanning session proctored by one of the US faculty. During these sessions, faculty reviewed module objectives and demonstrated the pertinent US scanning techniques and anatomy on simulated patients. Students were asked to demonstrate their image acquisition skills while being proctored.
At the completion of the proctored sessions, students transitioned to 45-minute hands-on scanning stations. Students were provided with a handout, which outlined US scanning objectives and required imagery for each module. During this time, students were allowed to further practice the module-scanning objectives using standardized patients. A sonographer was assigned to each of the 6 "hands-on" rooms to oversee and assist students. Each module had at least 1 image that students were required to archive to their image compendium. In addition, students participated in 45-minute follow-up scanning sessions that coincided with their weekly anatomy labs. We had groups of 3 students work as a team to complete specific US objectives in these sessions because of the educational benefits attributed to peer teaching. 21, 22 These sessions helped reinforce the proctored and unproctored scanning sessions. A series of assessments were developed and matched to specific learning outcomes, objectives, and performance indicators as developed by the USCDAC, as shown in Table 2 . To assess the effectiveness of the educational program, a multiple-choice test with 35 items was prepared. Most questions had 5 choices, but a few had 6 or 7 choices; thus, chance performance on the test was 19.55%. Comparable parallel forms (A and B) were administered in a crossover manner. Two sample questions for forms A and B are shown in Figure 2 . Half of the students received form A as a pretest and form B as a posttest, and the remainder received the opposite pattern of test forms. The pretest was administered before introducing US educational topics. The posttest was completed after the completion of modules offered during the anatomy course.
As US places heavy demands on spatial abilities, we were also interested in whether there might be differences between male and female students. Research has shown that male and female students often differ in spatial abilities, with male students showing an advantage on a variety of spatial measures. 23 To test this possibility, we used a standardized test addressing the ability to perform mental rotations and recognize objects from different perspectives. 24 Thus, we asked students to complete On completion of the anatomy education modules, first-year medical students were required to complete an objective structured clinical examination (OSCE) with standardized patients. Standardized patients were prescreened by a faculty sonographer to establish consistent anatomic criteria that would then allow equitable comparison of acquired images between students. The OSCE required students to acquire a parasternal long-axis view of the heart and a coronal view of the hepatorenal interface on standardized patients. A proctor monitored and collected data for each examination on initial transducer selection, total image acquisition time, probe orientation, and location of probe placement on the chest wall. All OSCE images were reviewed and scored by a single faculty who was certified by the American Registry for Diagnostic Medical Sonography. Other instruments for learner evaluations included demographics and a precourse experience survey, precourse and postcourse written evaluations, and a program satisfaction survey.
The availability of US machines was an obvious requirement to meet our educational goals and objectives. At the inception of our program, the GE Healthcare (Waukesha, WI) and EVMS entered into a clinical study agreement to develop and assess our student US program. The agreement provided EVMS with LOGIQ e and Vscan US machines to assist in the education of approximately 150 medical students each academic year. At no time did GE dictate the curriculum content or assessment methods. Eastern Virginia Medical School retained ownership of all study data. To ensure against inadvertent disclosure of confidential information or corporate intellectual property, GE maintained the right to review proposed publications.
Concurrent with the development of first-year medical student US learning materials, a comprehensive faculty development program was created and implemented to ensure standardization of program content delivery. This program included analogous US educational content and assessments for the faculty.
Data were recorded from 3 first-year medical classes (fall 2012, 2013, and 2014). Each year before US educational experiences, the first-year medical students were required to complete a background survey. In addition, data were collected to determine whether we could identify predictors associated with higher performance on knowledge-based and scanning ability assessments. Specifically, information was collected on our cohort's sex, prior US experience, and spatial ability.
The 3 classes comprised a total of 423 students. Some students were unable to take the precourse survey, so data were analyzed from the 390 students for whom precourse and postcourse data existed (the mean age for this group was 24.21 years; SD, 2.98 years). Demographic details are shown in Table 3 .
The difference between the pretest and posttest scores was analyzed by a paired t test. The differences between male and female students and previous experience levels were analyzed by independent t tests. An a level of .05 was used for analyses with the entire sample. Comparisons with subsamples were evaluated with a Bonferroni corrected a of .025. Pearson correlations were calculated among all measures with the exception of those including scores for the parasternal long-axis view and hepatorenal interface, which were rated on an ordinal scale and evaluated by the Spearman q measure.
Results

Pretest and Posttest
The results of the knowledge test are presented in Table  4 and aggregated across forms A and B. Participant knowledge increased significantly from the pretest to the posttest [t (389) 5 58.027; P < .0001; Cohen d 5 2.92]. There were no statistically significant differences between male and female students on the pretest or posttest (P > .05). Previous US experience of any type (Table 4) Table 5 ].
Spatial Ability Assessment
We examined differences between male and female students and, as expected, found that male students had significantly higher scores (mean, 12.83; SE, 0.32) than female students (mean, 9.76; SE, 0.28) on the mental rotation test [t (387) 5 6.95; P < .0001; Cohen d 5 .71]. In addition, we examined the correlation between mental rotation scores and performance on the posttest questions. There was a small but significant positive correlation between mental rotation scores and posttest scores [r (388) 5 0.21; P < .0001]. We also examined this relationship for male students [r (217) 5 0.23; P 5 .001] and female students [r (168) 5 0.18; P 5 .019] and found small but positive correlations for both.
Objective Structured Clinical Examination
Due to technical problems and some students who did not follow the protocol, 71 cardiac and 45 hepatorenal images were not saved in the system. Thus, the analysis was performed on the subset of images available. The numbers of students with reviewed images deemed "acceptable," "marginal," and "unacceptable" were 249, 18, and 52 for the cardiac and 244, 41, and 60 for the We ran several correlations to determine whether OSCE scores or image capture times were related to performance on the posttest, mental rotation test, and prior US experience. The OSCE scores were coded (acceptable, 2; marginal, 1; and unacceptable, 0) and were evaluated with the Spearman q. The capture times were evaluated by a Pearson correlation. The results are shown in Table 5 
Postcourse Student Survey
The total combined class size for the 3 academic years was 423. Ninety-five percent of the students (n 5 403) thought that the overall educational experience in US enhanced their medical education. Three hundred seventy-two students (88%) thought that the use of US in gross anatomy enhanced their ability to learn basic anatomy. Three hundred ninety students (94%) responded the they would like to see more US included in the undergraduate medical curricula. The survey also allowed students to include written comments. Open coding was conducted to identify, name, and categorize phenomena found in the written comments. Overall, written comments were positive and constructive, and they informed the USCDAC of areas for curricular improvement. In the initial student cohort, 5 major a Ultrasonography experience was to limited to 79 students who reported estimated hours of experience. Table 6 . Major Themes From Student Survey Comments 1. Interesting and enjoyable experience: 61 (66%). Examples: "I personally love the US component of our curriculum. I feel that it has helped with learning basic anatomy immensely." "I would like the US curriculum to be integrated every semester. Wonderful experience." 2. More hands-on practice/opportunity: 28 (30%) Examples: "More practice with a standardized patient with 3-4 students would have been beneficial." "More frequent encounters would help solidify knowledge and help make it 'second nature.'" 3. Time pressure: 17 (18%). Examples: "The timing of the final examination and OSCE was not optimal. Being in the middle of final examinations did not allow me to look over the US material and interrupted my studying for examinations." "The time given to US l ectures and practice sessions needs to be kept minimal so it doesn't cut into other classes too much." 4. Improved learning: 11 (12%). Examples: "The opportunity to learn US from the 1st year has been well appreciated. It provides clinical skills that work well with the anatomy we learn in class." "I feel like it helped me to see structures we study and to get experience handling patients." 5. Improved learning/understanding of anatomy: 8 (9%). Examples: "Ultrasonography helped me with anatomy material from lecture as well; I found myself thinking about imaging while studying for examinations and prepping for dissection labs." "Ultrasonography helped me with learning anatomy, and once I understood the technique, it became an even more useful tool." themes were noted, as well as their rates of occurrence (Table 6 ).
Discussion
Our objective was to develop an integrated, simulationenhanced, longitudinal US curriculum and evaluate the performance of first-year medical students on their knowledge of basic US as well as their fundamental ability to acquire images. Overall, the results were quite positive. Scores on the knowledge-based posttest were more than double those of the pretest. Student image acquisition skills (parasternal long-axis view of the heart and coronal view of the hepatorenal interface) were evaluated in a postcourse OSCE skills assessment. The results showed that approximately 83% of the students were able to capture an image deemed adequate for both anatomic structures. An additional goal of this project was to identify potential predictors of performance on the knowledgebased test and scanning ability assessment. Information was collected on the students' sex, prior US experience, and spatial abilities. The results showed that some level of previous US experience provided a small but significant advantage on the knowledge-based posttest. We also found that students with higher posttest scores took less time to capture their images, and those students with more previous US experience took longer to capture their images. However, both of these correlations were small and should be interpreted with caution.
The mental rotation test showed an advantage for male over female students, a finding consistent with others using the same instrument.
14 However, this advantage did not translate to any significant differences between male and female students on the knowledge test, OSCE scores, or image capture times. Male and female students performed comparably across all assessments. We did find a significant positive correlation between mental rotation scores and posttest scores, suggesting that students with higher spatial abilities achieved higher scores on the knowledge test. Moreover, this effect was significant for both male and female students, although the correlation was higher for male students.
Student opinions of the program were very positive. Almost all students indicated that the integrated US program enhanced their medical education, and they would welcome additional US training in the curriculum.
Despite the encouraging results, development of an integrated US educational training program in an institution's undergraduate medical education curriculum is an extremely challenging task. It requires coordination with the core basic sciences, as well as US expertise and support from clinical departments. Support from medical school leadership is critical. True integration can only be achieved when clinical US expertise is brought to bear in the context of what is being taught in anatomy, physiology, and pathophysiology.
Lessons Learned
Several lessons were learned during the design, development, implementation, and evaluation of our first-year medical student US curriculum. First, institutional support for undergraduate US education (including the dean and associate dean for undergraduate medical education) remains vital for program advancement. Data from our initial student cohort helped demonstrate to school leadership the need and desire to annualize the first-year medical student curriculum. The program's initial success allowed for development and implementation of curricula for the second through fourth school years. Administrative and logistic support becomes a clear need as student numbers increase and curricula are developed for successive years. Recently, student performance and enthusiasm aided our program in securing funding for a dedicated program director and administrative support staff. Additionally, the equipment needed to accomplish such integration is costly and requires periodic upgrades to keep up with the rapidly changing technology.
Second, the curriculum required commitments from faculty and supporting personnel. Faculty time dedicated to program development and education is not easily calculated. Gross estimates for faculty and support personnel are outlined in Table 7 . The time required is greatest during the development phase of year 1. As the program matures, the time required for program development lessens. As students reach their fourth year, they become valuable educational resources. Senior students have been shown to be competent mentors to junior students, benefiting both and potentially reducing the time required of experienced faculty.
Third, change is hard, and faculty development is an essential step. Existing faculty without US training or experience are a considerable barrier to program development. To more fully support and substantially improve the effectiveness of content delivery, the USC-DAC aggressively engaged the basic science faculty and diagnostic medical sonography teaching faculty from a local community college (Tidewater Community College, Virginia Beach, VA). Faculty members were trained by the USCDAC in all curricular components and activities and participated in ongoing professional development and assessment. The collaboration and development of new US teaching faculty allowed us to create a large instructor pool. Even so, lack of engagement by faculty (basic science and clinical) continues to present a barrier to fully integrating US education across medical education curricula. 2, 25 Engagement of basic science and clinical faculty and partnering with other institutional faculty remain critical for program development.
Fourth, the added value of US in the medical education curriculum appears to improve learning and confidence. 26, 27 Student support for the integration of US into their medical education remains high. There is appreciation for the curriculum, as it provides students with an effective method and opportunity to improve their understanding of medicine and the clinical relevance of US in the health care setting.
A fifth lesson relates to the development of clear objectives and associated time, effort, and resource limitations to achieving those objectives. As we add resources and develop a pool of knowledgeable and skilled faculty and a pool of motivated trained students, we have been able to refine, expand, and focus our learning objectives incrementally. Most educators understand the value of a well-written learning objective that is clearly delivered to students. That said, in both developing and delivering early US training, we found a need to be comfortable with the ambiguity of deliverables. Certainly, it left both faculty and students more uncomfortable than would ultimately be desirable, but we quickly recognized that ambiguity was in some ways the price for delving into new educational directions. For each of the elements of knowledge and skills associated with US, it is suggested that teams assess whether their goal is to make students what we would term "sonosavvy" or "sonoskilled," as each has very different logistic requirements. We are currently developing a more detailed analysis of the logistics, costs, time commitments, and deliverables for specific objective-driven US sessions.
Finally, frequent assessment coupled with specific performance feedback is critical to improve learner performance for informing faculty and evaluating program effectiveness. Without a sound assessment and evaluation plan focused on learner improvement and performance, pedagogic goals, and course satisfaction, it would be very difficult to evaluate the impact of this curriculum. Thus, assessment of the students as well as the training program itself must be a permanent part of the process and refined on an ongoing basis.
Medical school faculty members are beginning to recognize the positive impact of US on medical education. As an early adopter, we are hopeful that our experiences and data contribute to future program development. Currently, most published literature pertaining to medical school US programs is descriptive. The "holy grail" of determining the impact of US education during medical school would be to measure its impact on patient care. As the pathway to becoming a practicing physician requires 7 or more years (medical school plus residency), this type of outcome-based research may still be years away.
Limitations
There are several limitations to the data presented. We made efforts to include the entire class in each academic year for all surveys, questionnaires, and OSCE, although it was not always possible. We standardized timing protocols for OSCE completion, although variations between examination rooms could have existed. A considerable program challenge was ensuring student compliance with our scored image capture protocol. This factor combined with machine and network technical difficulties resulted in a loss of image data and could have had a substantial impact on our statistical analysis. In future OSCE events we intend to train simulated patients to assist students in ensuring that an image is properly stored and archived for each examination. A single faculty member scored all OSCE images. This approach allowed for scoring consistency, although there was a potential bias, as faculty had a strong desire to demonstrate program success. From a design perspective, it would be more ideal to have the images graded by a third party, but that approach is another logistic difficulty to overcome.
Conclusions
The USCDAC at EVMS was able to successfully develop and implement a basic US curriculum and evaluate first-year medical students on their knowledge and fundamental ability to acquire images. Furthermore, we have shown that students appreciate this important clinical skill in their medical curriculum. This collaborative approach, including basic sciences, clinical faculty, and interinstitutional partnerships, has demonstrated an effective model for integrating US into the first-year medical student curriculum. The approach with an emphasis on hands-on simulation-enhanced training was shown to be effective for content delivery and skill acquisition, when coupled with a sound assessment and evaluation plan.
